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13-Lactamases from Aeromonas hydrophila and A. sobria were purified and characterized. Both species
produced 1-lactamases that were inducible by either cefoxitin or imipenem. These species were resistant to
ampicillin and cephalothin but not imipenem. Isoelectric focusing of sonic extracts revealed one band at pl 8.0
and a second band at pl 7.0 for A. hydrophia. Likewise, A. sobria produced two bands, one at pI 8.4 and the
other at pl 7.0. Two enzymes from each species were separated by flatbed electrofocusing gel and purified to
homogeneity. The molecular weight of the pI 7.0 enzyme (Al) from both species was estimated to be 42,500,
whereas the pI 8.0 (A2h) and 8.4 (A2s) enzymes ofA. hydrophila and A. sobria had molecular weights of 31,500
and 35,000, respectively, on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The relative Vm,.
values for cephalothin, penicillin, and imipenem for these enzymes indicated that Al was primarily a
cephalosporinase while A2h and A2s were penicillinases highly active against carbapenems. Al was susceptible
to inhibition by cloxacillin, while the A2 enzymes were inhibited by clavulanic acid and EDTA and required
zinc for activity. Thus, there appear to be two distinct inducible 1-lactamases in A. hydrophila and A. sobria
that play an important role in the 13-lactam resistance of these species.

Members of the genus Aeromonas, belonging to the family
Vibrionaceae, are gram-negative facultative anaerobes that
have long been known to cause disease in freshwater fish and
cold-blooded animals (21, 25). On the basis of molecular
genetic data, however, investigators now propose to place
this genus in a new family, Aeromonodaceae (12). The role
of Aeromonas spp. as enteric pathogens in humans has
increased in recent years, in part because of better methods
and isolation techniques. These bacteria are implicated in a
wide spectrum of enteric diseases ranging in clinical severity
from mild diarrhea to acute gastroenteritis in both pediatric
and adult populations (9, 14, 17, 20, 30, 35). Furthermore,
various Aeromonas species can be isolated from individuals
with wound infections (17, 18), and recovery of these organ-
isms from severe infections, like septicemia, often involves
patients with other underlying illnesses (3, 18, 19). Antibiotic
resistance in Aeromonas spp. poses a potential problem for
the therapeutic management of infections caused by these
organisms. Inducible 1-lactamase activity has been associ-
ated with resistance to penicillin and many of the early
cephalosporins in clinical isolates ofAeromonas spp. (10, 23,
30, 33). We recently reported the existence of two appar-
ently distinct inducible ,B-lactamases in Aeromonas sobria
and A. hydrophila (1). However, the specific catalytic activ-
ity of each enzyme remained uncertain, since only crude
enzyme preparations were examined. Therefore, we sought
to purify and characterize these two enzymes from A.
hydrophila and A. sobria and assess their roles in resistance
to P-lactam antibiotics.

MATERIALS AND METHODS
Bacteria. A. hydrophila AER 19 and A. sobria AER 14

were described in a previous study (1). Xanthomonas mal-
tophilia (formerly Pseudomonas maltophilia) GM55 was
obtained from St. Joseph Hospital, Omaha, Nebr. Aeromo-
nas mutants (M) constitutive for P-lactamase expression
were derived from their wild-type strains by serial twofold
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passages in Mueller-Hinton Broth (MHB) containing cefur-
oxime (32 to 128 ,ug/ml). Each strain was kept frozen in brain
heart infusion broth (BBL Microbiology Systems, Cockeys-
ville, Md.)-horse serum (1:1, vol/vol) at -70°C until used.

Antibiotics. Working solutions were prepared on the day
of use from laboratory standard powders of all compounds
as specified by the manufacturers. All isolates were tested
for susceptibility to the following compounds: ampicillin
trihydrate (Bristol Laboratories, Syracuse, N.Y.), aztreo-
nam (E. R. Squibb & Sons, Princeton, N.J.), benzylpeni-
cillin (Sigma Chemical Co., St. Louis, Mo.), cefotaxime
(Hoechst-Roussel Pharmaceuticals, Somerville, N.J.), cef-
oxitin and imipenem (Merck Sharp & Dohme, West Point,
Pa.), cefuroxime and ceftazidime (Glaxo Group Research,
Ltd., Greenford, United Kingdom), cephalothin (Eli Lilly &
Co., Indianapolis, Ind.), and potassium clavulanate
(Beecham Laboratories, Bristol, Tenn.).

Susceptibility tests. Antibiotic susceptibility tests were
performed by serial twofold dilution in Mueller-Hinton II
agar (BBL). The inoculum consisted of 104 CFU per spot
applied with a Steers replicator (34). The MIC was defined as
the lowest concentration that prevented growth after incu-
bation for 18 h at 35°C in air.

P-Lactamase induction. Each wild-type and mutant strain
was grown overnight in MHB at 37°C. A 1:20 dilution of each
culture was made into fresh MHB, and the diluted culture
was shaken at 37°C in air for 90 min. For induction, cefoxitin
or imipenem at 1/4 of the MIC was then added to the broth
and incubated for an additional 120 min. After this induction
period, 1 mM 8-hydroxyquinoline (Sigma) was added to each
culture. The cells were harvested by centrifugation at 4°C,
washed twice in 0.1 M phosphate buffer (pH 7.0), and
disrupted with a Soniprep 150 ultrasonic disintegrator (MSE
Scientific Instruments, Sussex, United Kingdom). The su-
pernatant obtained after centrifugation at 6,000 rpm at 4°C
was dialyzed overnight in 0.1 M phosphate buffer (pH 7.0) at
4°C. The P-lactamases obtained in sonic extracts were
examined by isoelectric focusing (IEF) and spectrophotom-
etry as described previously (1).
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Preparation of crude enzymes. Solutions of crude P-lac-
tamases were purified from A. hydrophila AER 19M and A.
sobria AER 14M, both of which were constitutive for
enzyme expression. Each species was grown in 2 liters of
MHB for 18 h at 37°C in air. The cells were harvested by
centrifugation at 8,000 x g for 30 min, washed twice in 0.1 M
phosphate buffer (pH 7.0), and resuspended in the same
buffer at 1/20 of the original volume. An overnight MHB
culture of X. maltophilia GM55 (10 ml) was inoculated into 2
liters of MHB and induced with imipenem (3.2 jxg/ml) after
90 min of growth. Approximately 4 h after induction, the
cells were harvested as described above. The cell suspension
obtained from each preparation was disrupted with a Soni-
prep 150 ultrasonic disintegrator (MSE), followed by ultra-
centrifugation at 30,000 x g for 20 min. The supernatant was
dialyzed against 1% glycine (adjusted to pH 7.0) and con-
centrated to 3 ml with a Micro-ProDiCon apparatus (Bio-
Molecular Dynamics, Beaverton, Oreg.) on dialysis mem-
branes with a nominal molecular weight (MW) limit of
10,000.

Purification of j-lactamase. Approximately 3 ml (-120 mg
of protein) of each of the concentrated enzyme preparations
described above was loaded onto a Multiphor preparative
flatbed electrofocusing (PFBE) unit (LKB, Bromma, Swe-
den) to separate the pI 7.0 from the pI 8.0 and pl 8.4
1-lactamases from A. hydrophila AER 19M and A. sobria
AER 14M, respectively. The dextran granulated gel (LKB)
was focused lengthwise at a constant power of 18 W (4°C) for
a total of 4 h. The gel contained 5% pH 6.5 to 10.5
ampholytes (Sigma). At completion, the gel bed was frac-
tionated into 30 equal compartments and ,B-lactamase activ-
ity was estimated by using nitrocefin, cephalothin, and
benzylpenicillin. Enzyme-positive gel fractions were loaded
onto fiberglass-plugged columns (1.0 by 15 cm) and eluted
with 3 ml of 0.01 M phosphate buffer (pH 7.0) containing 1
mM ZnCl2 at 4°C. The pH 8.0 and 8.4 eluates of A.
hydrophila AER 19M and A. sobria AER 14M, respectively,
were stored at -70°C until further use. These ,B-lactamases
were designated as A2h and A2s, respectively. PFBE also
served to separate the pI 6.5 13-lactamase from the pI 9.2
P-lactamase of X. maltophilia GM55. The 6.5 P-lactamase
was referred to as L-1 as described by Saino et al. (29).
The pI 7.0 1B-lactamase (designated Al) from each species

was further purified to remove any contaminating A2 en-
zyme and nonspecific protein associated with this enzyme
after electrofocusing. Approximately 3.0 ml of the eluate
(-15 mg of protein) recovered after electrofocusing was
applied to a carboxymethyl (CM)-Sephadex C-50 column
(1.5 by 10 cm) equilibrated with 0.01 M phosphate buffer (pH
7.0). The column was washed with 50 ml of the same buffer
to immediately elute the unadsorbed Al 1-lactamase. Frac-
tions that hydrolyzed nitrocefin were pooled and concen-
trated to S ml by ultrafiltration at 4°C with a PM 10
membrane (nominal MW limit, 10,000; Amicon Corp., Lex-
ington, Mass.). The concentrate was applied to a Sephadex
G-75 column (1.5 by 50 cm) preequilibrated with 0.01 M
phosphate buffer (pH 7.0) and eluted at 5 ml/h with the same
buffer. The eluates that hydrolyzed nitrocephin were pooled
(30 ml), concentrated to 2 ml by ultrafiltration (PM 10), and
stored at -70°C. The material retained was passed through a
column (0.5 by 10 cm) containing AG 501-X8 ion-exchange
bed resin (Bio-Rad Laboratories, Richmond, Calif.)
preequilibrated with 0.01 M phosphate buffer (pH 7.0) to
separate protein from ampholine before use.
The MW of each purified enzyme was estimated on a

Sephadex G-75 Superfine column (2 by 70 cm) previously

equilibrated with 0.05 M phosphate buffer containing 0.02%
sodium azide. The enzymes were eluted under constant
pressure at a descending flow rate of 15 ml/h. The A280 of the
effluent was monitored, and 2.0-ml fractions were collected.
Each fraction was assayed for P-lactamase activity with
nitrocefin as the substrate. The column was standardized
with RNase A (MW, 13,700), chymotrypsinogen (MW,
25,000), ovalbumin A (MW, 43,000), and bovine serum
albumin (MW, 67,000). Blue dextran was used to determine
the void volume.

j-Lactamase assays. Hydrolysis of P-lactam antibiotics
was examined by UV spectrophotometric assays (Beckman
DU-7) in 1-cm light path cuvettes with readings recorded at
10-s intervals for 5 min at the wavelength of maximal
absorbance for the P-lactam ring of each drug, i.e., cepha-
lothin, 265 nm; cefuroxime, 274 nm; cefotaxime, 254;
ceftazidime, 254; imipenem, 299 nm; cloxacillin, 260 nm;
aztreonam, 292 nm; and nitrocefin, 489 nm. The rate of
benzylpenicillin hydrolysis was measured at 233 nm. Anti-
biotic solutions were prepared in 0.1 M phosphate buffer (pH
7.0). For substrate profiles, all antibiotics were examined at
a concentration of 100 ,uM, except for benzylpenicillin,
which was assayed at 500 ,uM. One unit of 13-lactamase
activity was defined as the amount of enzyme which hydro-
lyzed 1 nmol of substrate per min in the linear phase of the
reaction at 37°C in 0.1 M phosphate buffer (pH 7.0). The
Michaelis constant (Kin) and the maximum rate of hydrolysis
(Vmax) were determined by the Lineweaver-Burk plot of
initial velocity (v) at six different substrate concentrations.
The susceptibilities of P-lactamases to inhibition by potas-
sium clavulanate and cloxacillin were determined quantita-
tively by preincubating the enzyme with various concentra-
tions of inhibitors for 10 min. Benzylpenicillin (500 ,uM) or
imipenem (100 FM) was then added as the substrate, and
residual enzyme activity was measured. The concentration
of inhibitor required for 50% inhibition of enzyme activity
was determined by probit analysis.

Analytical gels. IEF was performed with 7% polyacryl-
amide gels (Sigma) containing pH 3 to 10 ampholytes (Sigma)
by the method of Vecoli et al. (37). The gels were focused

FIG. 1. IEF patterns of sonic extracts from A. sobria AER 14
and A. hydrophila AER 19. Lanes 1, 3, 5, and 7 contained uninduced
samples; lanes 2, 4, 6, and 8 contained samples from strains induced
with cefoxitin. Lanes: 1 and 2, A. sobria AER 14 wild type; 3 and 4,
A. sobria AER 14M; 5 and 6, A. hydrophila AER 19 wild type; 7 and
8, A. hydrophila AER 19M.
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TABLE 1. P-Lactam susceptibilities of A. hydrophila AER 19 and A. sobria AER 14

MIC (,ug/ml) P-Lactamase activitya

Isolate Induced with:
Piperacillin Cephalothin Ceftazidime Cefotaxime Cefuroxime Imipenem Uninduced

Cefoxitin Imipenem
A. hydrophila AER 19

Wild type 16 >128 0.12 <0.03 0.5 2 11 740 865
Mutant >128 >128 32 128 >128 128 850 852 855

A. sobria AER 14
Wild type >128 >128 0.25 0.5 0.12 2 15 900 926
Mutant >128 >128 128 128 >128 16 625 627 630
a Activities are expressed as nanomoles of nitrocefin hydrolyzed per minute per milligram of protein per milliliter. Only wild-type strains were inducible with

cefoxitin or imipenem.

widthwise at 4°C and 1,600 V for 9 min with a Multiphor 2197
power unit (LKB). The focused gels were overlaid with
molten agar containing 50 ,ug of nitrocefin per ml. MWs were
estimated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (38). The purified enzymes and MW protein
markers (Bio-Rad) were treated with 1% sodium dodecyl
sulfate and 3% 2-mercaptoethanol at 100°C for 5 min before
electrophoresis in an 11% polyacrylamide gel. All samples
were electrophoresed at a current of 15 mA for 4 h at 10°C.
The gels were then stained with silver nitrate by the method
of Wray et al. (39).

Protein determination. Protein concentration was esti-
mated by the BCA protein assay (Pierce Chemical Co.,
Rockford, Ill.) with bovine serum albumin as the standard.

RESULTS

Inducible ,-lactamase. The wild-type and mutant Aeromo-
nas strains displayed two distinct inducible f-lactamases on
IEF gels (Fig. 1, lanes 1, 2, 5, and 6). A. hydrophila AER 19
and A. sobria AER 14 shared a common P-lactamase at pl
7.0 (Al), and a second P-lactamase was detected at pIs 8.0
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FIG. 2. Elution profile of A. hydrophila AER 19M Al and A2 after PFBE. Symbols: E, Al activity in the presence of nitrocefin; *, A2

activity in the presence of penicillin. The inset shows IEF of A. hydrophila AER 19M Al and A2h and A. sobria AER 14 M Al and A2s in
lanes 1 to 4, respectively, after fractionation by PFBE.
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FIG. 3. CM-Sephadex C-50 column chromatography of A. hydrophila AER 19M Al and A2 enzymes. Partially purified Al enzyme
obtained from PFBE was applied to a CM-Sephadex C-50 column (1.5 by 10 cm). The A2 enzyme was eluted with a linear NaCl gradient of
0.05 to 0.3 M. Symbols: El, A2w; -, NaCl gradient; *, activity of each fraction with nitrocefin as the substrate.

(Ah2) and 8.4 (A2s) for A. hydrophila AER 19 and A. sobria
AER 14, respectively. Likewise, two major IEF bands were
detected for Aeromonas mutants derived from their wild
types, and these mutants were constitutive for 1-lactamase
production (Fig. 1, lanes 3, 4, 7, and 8). There was no
selective induction of either ,B-lactamase band by cefoxitin
or imipenem (Fig. 1). Additional minor bands at pl 7.4
observed in sonic extracts from induced wild types or
mutants were subsequently found to represent satellite
bands (see below).
The 3-lactam susceptibility and enzyme expression of the

inducible wild-type and mutant strains are listed in Table 1.
Both wild-type isolates were highly susceptible to all of the
13-lactams examined, except for piperacillin and cephalothin.
The mutants were significantly more resistant to all of the
P-lactams listed in Table 1. A. hydrophila AER 19M ap-
peared to be eightfold more resistant than A. sobria AER
14M to imipenem.

Purification of Aeromonas Al and A2 1-lactamases. En-
zymes Al and A2 were purified from A. hydrophila AER
19M and A. sobria AER 14M. PFBE was used as a major
first step in the separation of Al and A2 on the basis of pI.
Two distinct peaks in enzyme activity were obtained by
PFBE (Fig. 2). The first peak demonstrated optimal activity
against nitrocefin, while the second peak displayed optimal
activity against benzylpenicillin. Although PFBE resulted in
good separation of the enzymes (Fig. 2), the Al 3-lactamases
of both species required further purification for a homoge-
neous preparation. These additional steps included chroma-

tography on CM-Sephadex to remove contaminating A2
enzyme (Fig. 3) and on Sephadex G-75 to remove contami-
nating protein (Fig. 4). The final purified Al enzyme gave a
single band at pI 7.0 on IEF (data not shown). The entire
purification procedure for ,B-lactamases of A. hydrophila
AER l9M is summarized in Table 2. The enzymes were
purified to a high specific activity with a modest yield. The
use of sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis demonstrated major bands giving MWs of 42,500
for Al from both species. The A2 enzymes of A. hydrophila
AER l9M (A2h) and A. sobria AER 14M (A2s) had MWs of
31,500 and 35,000, respectively (Fig. 5). The MWs obtained
by Sephadex G-75 chromatography for the P-lactamases of
A. hydrophila AER 19M were 41,000 and 28,000 for the Al
and A2 enzymes, respectively, suggesting that the native
enzymes were purified in their monomeric forms.
(-Lactam hydrolysis by purified enzymes. There were no

significant differences in substrate profiles for the Al ,3-
lactamases purified from A. hydrophila AER 19M and A.
sobria AER 14M. Comparable results were also obtained for
the A2 P-lactamases purified from both species. Therefore,
only Al and A2 enzymes purified from A. hydrophila AER
l9M were used for further analyses of enzyme kinetics.
Differences in kinetic parameters were noted for both en-
zymes (Table 3). The Al enzyme demonstrated activity
primarily against cephalosporins. This enzyme possessed
only minor activity against penicillin and no detectable
activity against cloxacillin or imipenem. On the other hand,
the A2h enzyme readily hydrolyzed penicillin and imipenem
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FIG. 4. Elution profile of A. hydrophila AER 19M Al on Sephadex G-75. Approximately 15 mg of protein obtained from a CM-Sephadex

C-50 column was loaded onto a Sephadex G-75 column (1.5 by 50 cm). El, A280; *, ,-lactamase activity measured with nitrocefin as the
substrate.

but was much less active against cephalothin, cefotaxime,
and ceftazidime. Both Aeromonas enzymes hydrolyzed cef-
uroxime slowly but obeyed Michaelis-Menten kinetics. The
affinity (Kin) of the A2h enzyme for cefuroxime was approx-
imately 10 times higher than that of the Al enzyme. When

assayed against nitrocefin, the A2h enzyme was poorly
inhibited by cloxacillin but was moderately susceptible to
clavulanic acid (Table 4). On the other hand, the Al enzyme
was susceptible to cloxacillin but not clavulanate.
There were similarities and differences between the ki-

TABLE 2. Purification of A. hydrophila AER 19M 13-lactamases

Stage Purification stepa Protein concn P-Lactamase activityb Sp act Fold t Yildand product (mg/ml) (U/min per ml) (U/min per mg) purification % Yl

I Sonication
Al 62 2,260 36 1.0 100
A2 68 7,450 110 1.0 100

II Ultracentrifugation at 30,000 x g
Al 47 3,170 670 1.8 88
A2 38 9,280 240 2.2 72

III PFBE
Al 1.7 1,420 840 23 4.7
A2 0.085 1,670 19,640 178 1.8

IV CM-Sephadex C-50, Al 0.1 390 3,900 108 0.86

V Sephadex G-75, Al 0.056 380 6,780 188 0.63
a ,B-Lactamase activities from stages I to III were assayed spectrophotometrically with cephalothin (100 ,uM) and penicillin G (500 FM) to monitor Al and A2

activities, respectively. The A2 enzyme was purified through stage III.
b One unit of activity was defined as the amount of enzyme which hydrolyzed 1 nmol of the substrate per min per ml at 37'C in 0.1 M phosphate buffer (pH

7.0).
c Purification was based on the specific activity at a purification step divided by the specific activity of the starting material.

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 5. Sodium dodecyl sulfate-polyacrylamide gel electropho-
retic analyses of stage V purified Al and stage III A2 (-lactamases.
Lanes: 1 and 4, standard MW markers; 2 and 5, Al (0.5 jig); 3 and
6, A2 (0.3 jg). Enzymes from A. hydrophila AER 19M were in lanes
2 and 3, and those from A. sobria AER 14M were in lanes 5 and 6.
kD, Kilodaltons.

netic properties of the A. hydrophila AER 19M A2h enzyme
and the X. maltophilia L-1 enzyme. The major difference
was inability of the L-1 enzyme to hydrolyze cephalosporins
other than nitrocefin under the assay conditions used (Table
3). In contrast, the A2h enzyme demonstrated modest but
detectable activity against these ,B-lactam antibiotics. The
relative Vmax of A2h for cloxacillin was 30 times lower than

TABLE 3. Hydrolysis of ,B-lactam antibiotics by Al and A2 1B-
lactamases from A. hydrophila AER 19M and L-1 (-lactamase

from X. maltophilia GM55

Al A2 L-1
Substrate Relative Relative Relative

vm a Kma(xM)M Km(IiM) V.Ka (LM)

Nitrocefin 100 433 100 30.6 100 1.9
Cephalothin 26.8 120 1.8 28 <0.01 _b
Cefuroxime 2.9 12.5 12.8 0.8 NDC ND
Cefotaxime 0.3 5.0 0.5 15 <0.01 -

Ceftazidime 0.1 4.0 0.3 9 <0.01
Imipenem <0.01 68.5 30 264 13
Penicillin G 0.8 0.4 170 124 824 145
Cloxacillin <0.01 1.1 19 164 0.5
Aztreonam 0.4 0.3 3.2 53.3 34 66.5

a Relative rates of hydrolysis of substrates are expressed as percentages of
nitrocefin hydrolysis.

b -, Not determined because of very low Vmax.
cND, Not determined.

TABLE 4. Inhibitory effects of cloxacillin and clavulanic acid on
Al and A2 ,-lactamases from A. hydrophila AER l9M and L-1

,B-lactamase from X. maltophilia GM55

Substrate Inhibitor Enzyme 150 (pLM)a

Nitrocefin Cloxacillin Al 0.26
A2 >50
L-1 >50

Nitrocefin Clavulanate Al >40
A2 0.4
L-1 >40

Penicillin G Clavulanate A2 0.4
L-1 >40

Imipenem Clavulanate A2 >40
L-1 >40

a 15 Inhibitor concentration required for 50% inhibition of enzyme activ-
ity.

that of the L-1 enzyme; however, both enzymes demon-
strated high Vm. values for penicillin and imipenem and
similar Km values for these antimicrobial agents. Interest-
ingly, the A2h enzyme was inhibited by clavulanic acid when
its activity against benzylpenicillin was assayed but not
when its activity against imipenem was assayed. This differ-
ential inhibition of substrate hydrolysis was not observed for
the L-1 enzyme (Table 4). To assess whether clavulanic acid
acted as an inactivator, A2h was incubated with the inhibitor
for up to 12 h and measured every hour (following dialysis)
for residual activity against benzylpenicillin and imipenem as
substrates. No reversal of enzyme inhibition was detected
when activity against benzylpenicillin was assayed, but
enzyme activity remained uninhibited in the presence of
imipenem (data not shown).

Table 5 demonstrates the effects of various inhibitors on
the activities of the purified enzymes. Treatment of the A2h
and L-1 enzymes with EDTA resulted in almost complete
inhibition of activity, but optimal activity was recovered
after dialysis, followed by addition of zinc sulfate (final
concentration, 1 mM) at 25°C for 30 min. The inhibition
profiles were essentially the same for A2h and L-1, except
that the L-1 enzyme was slightly less susceptible to HgCl2
and the A2h ,B-lactamase was more susceptible to iodine than
was L-1. In comparison with the metalloenzymes, addition
of zinc or EDTA did not enhance or diminish the activity of
the Al enzyme. Furthermore, Al was more sensitive to
inhibition by copper sulfate and p-chloromercuribenzoate
than was A2h or Li.

TABLE 5. Effects of various inhibitors and ions on the activities
of the Al and A2 (-lactamases of A. hydrophila AER 19M and

the L-1 ,B-lactamase of X. maltophilia GM55a

% Inhibition of:
Inhibitor Concn (mM)

Al A2 L-1

EDTA 2 0 100 80
Iodine 1 82 71 23
Mercuric chloride 0.5 100 100 89
p-Chloromercuribenzoate 1 49 17 20
Zinc sulfate 1 0 0 0
Copper sulfate 1 54 0 0

a The enzyme was preincubated in 0.1 M phosphate buffer (pH 7.0) for 10
min at 37°C with each inhibitor at the indicated concentration, and the
remaining activity was assayed with 100 I.M nitrocefin as the substrate.
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DISCUSSION

Although previous workers have studied the hydrolytic
activities of 1-lactamases from various Aeromonas species
against ,B-lactam agents (16, 30, 32, 33), most investigators
have not purified or fully characterized the enzymes. In the
current study, A. hydrophila and A. sobria were found to
produce two distinct types of inducible ,B-lactamases desig-
nated Al (pl 7.0) and A2 (pIs 8.0 and 8.4) that were easily
separated by PFBE. Only two other gram-negative organ-

isms, X. maltophilia (L-1 and L-2) and Yersinia enteroco-
litica (A and B), have been reported to have two distinct
inducible P-lactamases (13, 28, 29). Both genera produce one

enzyme with strong cephalosporinase activity (L-2 and B)
and a second enzyme (L-1 and A) that hydrolyzed a variety
of penicillins. However, only the L-1 P-lactamase of X.
maltophilia has been shown to be a metalloenzyme.
The substrate profiles revealed distinct enzymatic activity

for each of the Aeromonas enzymes. The Al 1-lactamase
typically behaved as a group 1 cephalosporinase (6). It
hydrolyzed cephalothin and cefuroxime much faster than
penicillin or the newer broad-spectrum cephalosporins and
was inhibited by very low concentrations of cloxacillin.
Although the MW of this 3-lactamase falls within the range

of reported cephalosporinases of other genera, the pl for this
enzyme was neutral rather than basic (6).
The second type of inducible P-lactamase, A2, most

rapidly hydrolyzed penicillin and imipenem. Minimal hydro-
lytic activity was observed for cephalosporins other than
nitrocefin. Although the A2 enzymes showed some physical
characteristics similar to those described by Sawai et al. for
an inducible penicillinase that they purified from A. hydro-
phila (32), the A2 enzymes were much less active against
oxacillin and had a much lower affinity for benzylpenicillin.
Furthermore, no requirement for metal ions was reported by
Sawai et al. (32). The hydrolytic activity of the A2 enzymes,

in contrast, was inhibited by EDTA but restored upon

addition of Zn2+. Although restoration of activity by other
divalent cations was not examined further in this study, the
dependency of A2 enzymes on Zn2+ for optimal activity
suggests that they are metalloenzymes. Interestingly, a

metalloprotease with a pI of 7.0 was identified in A. hydro-
phila, underlining the importance of divalent cations in the
metabolic evolution of this organism (24).
The A2h enzyme had several features in common with

purified L-1 ,3-lactamase and other metalloenzymes de-
scribed in the literature (5, 15, 27, 29, 31). These similarities
include dependency on divalent cations for hydrolytic activ-
ity, especially for carbapenem hydrolysis; inhibition by
EDTA; and relatively low native MWs. Although L-1 has
been shown to exist in polymeric form in the active state
(MW, 118,000), the subunit MW has been shown to be
26,000 (29). The A2h enzyme also possessed a basic pI, as

observed for the metalloenzymes of Bacillus cereus and
Legionella gormanii (4, 15). Unlike other metalloenzymes,
however, A2h was moderately susceptible to clavulanic acid
when benzylpenicillin, but not imipenem, was used as the
substrate. A similar type of substrate-specific inhibition
pattern by p-chloromercuribenzoate was described for SHV-
1, SHV-2, and TLE plasmid-mediated ,-lactamases (2, 22,
26). The activities of these enzymes were inhibited with
nitrocefin or cephalothin as the substrate but not with
benzylpenicillin as the substrate.
There are at least two explanations for selective inhibition

by clavulanic acid. Clavulanic acid might bind close to but
not at the active-site locus. Such a bond would create a steric

hindrance for access of the larger penicillin molecule into the
catalytic cavity but permit the smaller imipenem molecule
into this site. A less probable explanation would require two
active sites for substrate hydrolysis on A2h. One enzymatic
site would contain an active serine residue that would
eventually form an irreversible acylenzyme product with
clavulanate (8, 11). This would prevent subsequent binding
of a penicillin molecule with the serine-containing active
site. The second enzymatic site would possess an active-site
amino acid other than serine. Partial inhibition of A2h by
p-chloromercuribenzoate may suggest the presence of cata-
lytically important cysteine residues (7). X-ray crystallogra-
phy on P-lactamase II of B. cereus has revealed the spatial
orientation of the histidine residues and the cysteine residue
that surround the zinc ion at the active site (5, 36). It is
possible that the active site responsible for imipenem hydro-
lysis on A2h assumes a similar nucleophilic core. For either
active site speculated above, zinc would function as an
essential electrophilic catalyst in P-lactam hydrolysis, since
A2 is nonfunctional in the presence of EDTA (5). Further
work is required to determine the precise explanation for this
substrate-specific inhibition.
There appear to be few molecular similarities among the

known metalloenzymes (7, 15, 27, 29, 31). Thus, it is
possible that the A2 enzymes represent a new structural
class of P-lactamase. However, sequencing is necessary for
a definitive determination.
The importance of P-lactamases in the resistance of Aero-

monas spp. to various P-lactam antibiotics was also demon-
strated in this study. Mutants of A. hydrophila AER 19 and
A. sobria AER 14 that produced high levels of P-lactamases
were significantly more resistant to the newer cephalospo-
rins and imipenem than were the wild-type strains from
which they were selected. Although the genetic locus of the
enzymes was not investigated, their inducibility, coupled
with the relatively rare occurrence of conjugative plasmids
that confer antibiotic resistance in this genus (10), strongly
suggests a chromosomal location. Since (i) a single inducer,
cefoxitin or imipenem, caused increased production of both
enzymes and (ii) mutations leading to elevated expression
affected both enzymes, it is possible that the two structural
genes are controlled by a common regulatory mechanism.
However, further genetic studies are required to directly
address these issues.
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